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UHGXFH IHFXQGLW\ DQG UHJUHVV WXPRXUV RI UHSURGXFWLYH V\VWHP7R GLVUXSW IHUWLOLW\ D SODVPLG '1$ YDFFLQH ZDV
HQJLQHHUHGFRGLQJHLJKW UHSHDWVRI*Q5+,DQGHLJKW7KHOSHUHSLWRSHV7UDQVODWLRQHIILFLHQF\RI WKHYDFFLQHZDV
HYDOXDWHGLQXQGLIIHUHQWLDWHG&26FHOOVDQGIRXQGWRUHOHDVH*Q5+,IXVLRQSURWHLQLQFXOWXUHVXSHUQDWDQW6ZLVV





DOWHUHGXWHULQHKLVWRDUFKLWHFWXUHDQG LPSDLUHG IHUWLOLW\ LQYLYR LQPDWLQJ WULDOV ,QVWXG\ZHHN2'YDOXHVRIDQWL
*Q5+,DQWLERG\UHVSRQVHZHUHLQ*URXSPLFHIROORZHGE\LQ*URXSLQFRPSDULVRQ
ZLWK QR UHVSRQVH LQ *URXS  FRQWUROV    5HVXOWV RI PDWLQJ WULDOV VKRZHG FRQFHSWLRQ IDLOXUH LQ
YDFFLQDWHG PLFH   DQG  SXSV ZHUH VHHQ LQ WKH XWHUL RI *URXSV   DQG  PLFH UHVSHFWLYHO\ 7KHUH ZDV
VLJQLILFDQWS!UHGXFWLRQLQWKHZHLJKWRIRYDULHVLQ*URXSPJDQG*URXSPJ
PLFHFRPSDUHGWR*URXSFRQWUROPJ6LJQLILFDQWUHGXFWLRQRIRYDULDQIROOLFXORJHQHVLVZDVVHHQLQ
*URXS S!DQG*URXSPLFH S! ,QFRQFOXVLRQ WKHSODVPLG'1$YDFFLQHGHOLYHUHG LQ IHPDOHPLFH
ZLWK+9-(DQG1,69 LQGXFHGVLJQLILFDQWO\ S!KLJKHU OHYHOVRI DQWL*Q5+, DQWLERG\ UHVSRQVH VXSSUHVVHG
RYDULDQDQGXWHULQHIXQFWLRQDQGLPSDLUHGIHUWLOLW\LQYLYR





YDFFLQH KDV VLQFH EHHQ VKRZQ WR KROG SURPLVH IRU WKH WUHDWPHQW RI
FDQFHU >@ DOOHUJLHV >@ SUHYHQWLRQ RI LQIHFWLRXV GLVHDVHV >@
QHXWUDOL]DWLRQ RI IHFXQGLW\ RI PDPPDOV >@ DQG VXSSUHVVLRQ RI
IHUWLOLW\>@*Q5+, LV WKHUHOHDVHURIERWK OXWHLQL]LQJKRUPRQH/+
DQG IROOLFOH VWLPXODWLQJ KRUPRQH )6+ DQG LV D NH\ SHSWLGH RI
UHSURGXFWLRQ >@*Q5+, LPPXQRQHXWUDOL]DWLRQKDV WKHUHIRUHEHHQ
XVHG WR QHXWUDOL]H IHFXQGLW\ RI PDQ\ GRPHVWLF DQG ZLOG PDPPDOV
HVSHFLDOO\ WR SUHYHQW WDLQW LQ PHDW ERDUV ODPE DQG PXWRQ UHGXFH
VH[XDO DJJUHVVLYHQHVV RI IDUP DQLPDOV >@ DQG WR FRQWURO IHUDO
DQLPDO SRSXODWLRQV >@ 0RUHRYHU *Q5+, DQG LWV UHFHSWRUV DUH
H[SUHVVHG LQ D QXPEHU RI PDOLJQDQW WXPRXUV RI WKH EUHDVW RYDU\
HQGRPHWULXP DQG SURVWDWH LQ PDPPDOV >@ DQG WKHVH KDYH DOO
FRQWULEXWHGWRDVLJQLٽFDQW LQWHUHVWLQQHXWUDOL]LQJ*Q5+,WRFRQWURO
WXPRXUJURZWK>@
,PPXQRQHXWUDOL]DWLRQ RI *Q5+, XVLQJ *Q5+, SHSWLGH FDUULHU
FRQMXJDWHV LV LQHٹFLHW LQ WHUPV RI YDULDEOH FKHPLFDO FRQMXJDWLRQ DQG
KHWHURJHQHLW\RIDQWLJHQSUHSDUDWLRQV>@НHVHSUREOHPFDQSDUWLDOO\
EH REYLDWHG E\ XVLQJ *Q5+, IXVLRQ SURWHLQV >@ %RWK WKH DQWLJHQV
UHTXLUH DGMXYDQWV >@ WR LQGXFH VXٹFLHQW LPPXQLW\ DQG DUH QRW
VXLWDEOH IRU FOLQLFDO DSSOLFDWLRQ 2QH VXFFHVVIXO VWUDWHJ\ WR QHXWUDOL]H
*Q5+, LQ PDPPDOV LV WKH XVH RI '1$ YDFFLQH >@ +RZHYHU
'1$ YDFFLQHV XVHG LQ H[SHULPHQWDO WULDOV DUH QRW HTXDOO\HٹFLHQW WR
LQGXFH UREXVWDQWLJHQVSHFLٽF LPPXQHUHVSRQVH >@$QXPEHURI
PHWKRGV KDYH EHHQ XVHG WR HQKDQFH LPPXQLW\ RI '1$ YDFFLQHV
LQFOXGLQJ HOHFWURSRUDWLRQ >@ XVH RI QRQYLUDO >@ RU V\QWKHWLF
YHFWRUV >@ DQG SURSHUWLHV RI HQFRGHG DQWLJHQV >@ 3UHYLRXVO\
SODVPLG '1$ YDFFLQHV ZHUH FRQVWUXFWHG FRGLQJ IRXU WRٽYH *Q5+,
UHSHDWV >@ DQG IROORZLQJ LPPXQL]DWLRQ WKH DQWLERG\ UHVSRQVH
NLQHWLFVZHUHVOLJKWO\GHOD\HG7RRYHUFRPHWKHVHGLVDGYDQWDJHVDQHZ
YDFFLQH ZDV FRQVWUXFWHG FRGLQJ HLJKW UHSHDWHV RI *Q5+, DQG WKH
YDFFLQH ZHUH GHOLYHUHG LQ D KHPDJJOXWLQDWLQJ YLUXV RI MDSDQHVH
HQYHORSH+9-(YHFWRU>@DQGLQDOLSGEDVHGGHOLYHU\V\VWHP>@
НHOHYHORI*Q5+,LPPXQRQHXWUDOLVDWLRQZDVHYDOXDWHGE\PHDQVRI




$ SODVPLG '1$ YDFFLQH FRGLQJ IRXU UHSHDWV RI *Q5+, >@ ZDV
GLJHVWHG ZLWK ;ED HQ]\PH DQG DPSOLٽHG ZLWK 7DJ $ 




,661-99DQRSHQDFFHVVMRXUQDO 9ROXPH ?,VVXH ?
WWFWFJDJFWFWDJDFJDWJFDFJDWF ROLJRQXFOHRWLGHV WR GHYHORS 1RW DQG
;KR FXWWLQJ VLWHV DW  DQG  HQGV UHVSHFWLYHO\ НH HQG ODEHOHG
ROLJRQXFOHRWLGHVZHUHWKDQGLJHVWHGZLWK1RWDQG;KRHQ]\PHVDQG
OLJDWHG LQWR WKH XSVWUHDP RI WKH YDFFLQH FRQVWUXFW >@ DW 1RW DQG
;KR VLWHVНH YDFFLQH FRQVWUXFW HQJLQHHUHG LQFRUSRUDWLQJ *Q5+,
OHDGHU VHTXHQFHV HLJKW UHSHDWV RI *Q5+, LQWHUSHUVHG ZLWK HLJKW 7
KHOSHU HSLWRSHV DQ 1 WHUPLQDO 9 HSLWRSH DQG D KLVWLGLQH WDJ EHIRUH
VWRS FRGRQ )LJXUH  НH 7KHOSHU HSLWRSHV ZHUH GHULYHG IURP
FLUFXPVSRUR]RLWH SURWHLQ &63 UHVSLUDWRU\ V\QFLWLDO YLUXV 569
PHDVOHVYLUXVSURWHLQ093DQGWHWDQXVWR[RLG77>@&RPSHWHQFH
-0 ( FROL ZDV WUDQVIRUPHG ZLWK WKH YDFFLQH FRQVWUXFW DQG
DPSOLٽHG LQ/%PHGLXPFRQWDLQLQJ=HRFLQ70wJPO ,QYLWURJHQ
/LIH WHFKQRORJLHV 86$ НH SODVPLG '1$ ZDV H[WUDFWHG IURP WKH
EXON FXOWXUH RI WUDQVIRUPHG ( FROL XVLQJ ZL]DUG SOXV *LJDSUHS NLW
3URPHJD 86$ $ FRORQ\ 3&5 ZDV GHVLJQHG WR DPSOLI\ ES ORQJ
IUDJPHQW IURP WKH WUDQVIRUPHG ( FROL XVLQJ IRUZDUG 

WDDWDFJDFWFDFWDWDJJJ




JHQHV WKH SRVLWLRQV RI WKH VWDUW DQG VWRS FRGRQV DQG WKH LQWHJULW\ RI




UHVWULFWLRQ HQ]\PH GLJHVWLRQ VLWHV ZLWK WKH 9 HSLWRSH DQG D
KLVWLGLQHWDJLQWKHSF'1$9+LV%SODVPLGZDVPDUNHGEHORZWKH
SODVPLGPRGXOHV
$PLQR DFLG VHTXHQFH RI WKH YDFFLQHНH EOXH OHWWHUV LQGLFDWH WKH














3UHYLRXVO\ HQJLQHHUHG >@ DQG QHZO\ FRQVWUXFWHG SODVPLG '1$
YDFFLQHV ZHUH XVHG WR HYDOXDWH DQG FRPSDUH WUDQVIRUPDWLRQ
HٹFLHQFLHV НH XQGLٶHUHQWLDWHG &26 FHOOV LQ  ZHOO FHOO FXOWXUH
SODWHV ZHUH WUDQVIHFWHG ZLWK  wJ SODVPLG '1$ YDFFLQHV XVLQJ
/LSRIHFWDPLQH /LSRIHFWDPLQH 鈀  /LIH 7HFKQRORJLHV ,QF 86$
)ROORZLQJ  KRXUV RI WUDQVIHFWLRQ >@ WKH FHOO FXOWXUH VXSHUQDWDQW
DQG WKH FHOO O\VDWH ZHUH FROOHFWHG WR GHWHFW *Q5+, IXVLRQ SURWHLQ LQ
:HVWHUQEORWWLQJ
:HVWHUQEORWWLQJGHWHFWLRQRIIXVLRQSURWHLQ
НH IXVLRQ SURWHLQ LQ WKH FHOO O\VDWHV DQG FHOO FXOWXUH VXSHUQDWDQW
ZDVHOHFWURSKRUHVHGRQVRGLXPGRGHF\OVXOSKDWHSRO\DFU\ODPLGHJHOV
IRUDQKRXU>@$.DOHLGRVFRSH3UHFLVLRQ3OXV3URWHLQ 鈀 %,25$'
SURWHLQ PDUNHU ZDV LQFOXGHG LQ WKH VWDUWLQJ ZHOOV DQG WKH VHSDUDWHG
SURWHLQ EDQGV LQ WKH JHOV ZHUH WUDQVIHUUHG WR D QLWURFHOOXORVH
PHPEUDQH +\ERQG70(&/ PHPEUDQH $PHUVKDP %LRVFLHQFHНH
*Q5+, IXVLRQ SURWHLQV >@ DQG QHZO\ GHVLJQHG RQ WR WKH
LPPXQREORWV ZHUH ODEHOOHG ZLWK PRXVH PRQRFORQDO DQWL*Q5+,
DQWLERG\ 6DQWD &UX] %LRWHFKQRORJ\ 86$ DQG DQWL9 DQWLERG\




7R HQWUDS SODVPLG '1$ YDFFLQH +9-( >@ DQG 1,69 >@ ZHUH
XVHG НH QHZO\ HQJLQHHUHG SODVPLG '1$ YDFFLQH  wJ wO 7(
EXٶHU ZDV HQWUDSSHG LQ RQH DJJOXWLQDWLQJ XQLW RI +9-( YHFWRU
*HQRP21(1HR ([ &RVPR %LR &R /WG 7RN\R -DSDQ DQG
LQFXEDWHG RQ LFH EHIRUH SULPLQJ RI *URXS  PLFH НH 1,69 ZDV
SUHSDUHGE\XVLQJPJPRQRSDOPLWR\OJO\FHURO6LJPD$OGULFK
8.  PJ FKROHVWHURO 6LJPD$OGULFK 8. DQG  PJ GLFHW\O
SKRVSKDWH6LJPD$OGULFK 8. ZLWK D PRODU UDWLR RI   PJ
SODVPLG '1$ YDFFLQH ZDV DGGHG LQ  PO OLSLG SUHSDUDWLRQ DQG
HQWUDSSHGSODVPLG'1$E\UHSHDWHGVQDSIUHH]LQJDQGWKDZLQJr&
IRU ٽYH F\FOHV ,PPHGLDWHO\ EHIRUH XVH D WXEH FRQWDLQLQJ  PO
YDFFLQH IRUPXODWLRQ LQ 1,69 ZDV UHWULYHG IURP OLTXLG QLWURJHQ D
IXUWKHU  K VKDNLQJ DW r& ZDV FDUULHG RXW DQG WKH VROXWLRQ ZDV
FHQWULIXJHG DW  J IRU  PLQ WR IRUPٽQHVW YHVLFOHV FRQWDLQLQJ




WKH ,QWHUQDWLRQDO &HQWHU IRU WKH 'LDUUKHDO 'LVHDVH 5HVHDUFK
%DQJODGHVKDQGKRXVHG LQ WKH ODERUDWRU\DQLPDOFRQWDLQPHQW IDFLOLW\





PLFH ZHUH LPPXQL]HG LPWUDPXVFXODUO\ ZLWK  wJ QDNHG SODVPLG
'1$LQwO3%6DQGVHUYHGDVFRQWUROV*URXSPLFHZHUHSULPHG
ZLWKWKHSODVPLG'1$YDFFLQH LQ+9-(DQGVXEVHTXHQWERRVWLQJV LQ
PXVFOH DQWHULRUTXDGULFHSVZHUH FDUULHGRXW LQwO3%6 S+
*URXS  PLFH ZHUH SULPHG DQG ERRVWHG ZLWK  wJ SODVPLG '1$
YDFFLQHLQ1,69WKURXJKVXEFXWHQLRXVVFURXWH2XWRIHLJKWPLFHLQ
HDFK JURXS IRXU ZHUH XVHG IRU EUHHGLQJ H[SHULPHQWV DQG IRXU ZHUH










DQG PRUWDOLW\ SDWWHUQ ZHLJKW RI RYDULHV LQ PJ JRQDGRVRPDWDO
LQGLFHV *6, PJ RI RYDULHV JP ERG\ ZHLJKW >@ DQG KLVWRORJLF
DOWHUDWLRQ RI RYDULHV DQG XWHUXV RI WKH YDFFLQDWHG DQG FRQWURO PLFH
ZHUH HYDOXDWHG ,Q VWXG\ ZHHN  YDJLQDO F\WRORJ\ RI PLFH ZDV
H[DPLQHG WR GHWHFW SKDVHV RI HVWURXV >@ ,Q SURHVWURXV SKDVH RI
HVWURXV F\FOH QXFOHDWHG HSLWKHOLDO FHOOV LQ YDJLQDO F\WRORJ\ WKH
YDFFLQDWHG DQG FRQWURO PLFH ZHUH VDFULٽFHG E\ FHUYLFDO GLVORFDWLRQ
ZHLJKWRIRYDULHVZHUHPHDVXUHGRYDULHVDQGXWHULZHUHSUHVHUYHG LQ
YYEXٶHUHGQHXWUDOIRUPDOLQDQGVWDLQHGZLWK+HPDWR[\OLQDQG
(RVLQ +	( DQG *ROGQHUV WULFKRPH >@ НH QXPEHU RI RYDULDQ
IROOLFOHVKHDOWK\DQGUHJUHVVLQJFRUSXVOXWHXP&/LQRYDULHVDQGWKH






LQWR KHSDULQL]HG FDSLOODU\ WXEHV 6HO]HU /DERUWHFKQLN *HUPDQ\
3ODVPDZDVSUHSDUHGE\FHQWULIXJDWLRQDWJIRUPLQDQGVWRUHGDW





,QVWXG\ZHHN WKHYDFFLQDWHG IHPDOHPLFHIRXU LQHDFKJURXS
ZHUH PDWHG LQGLYLGXDOO\ ZLWK PDOH PLFH &RQWURO PDOH DQG IHPDOH







'DWD EHWZHHQ FRQWURO DQG H[SHULPHQWDO JURXSV ZHUH DQDO\]HG
'XQFDQ ?V0XOWLSOH5DQJH7HVWXVLQJWKH6WDWLVWLFDO3DFNDJHIRU6RFLDO
6FLHQFHVYHUVLRQ&KLFDJR,/86$$GLٶHUHQFHZDVFRQVLGHUHG
VLJQLٽFDQW DW WKH S OHYHO 'DWD ZHUH UHSRUWHG DV WKH PHDQ s
VWDQGDUGGHYLDWLRQ6'
5HVXOWV
5HVXOWV RI VHTXHQFH DQDO\VLV UHYHDOHG WKDW WKH YDFFLQH FRQVWUXFW
FRQWDLQLQJ HLJKW UHSHDWV RI *Q5+, HLJKW 7KHOSHU HSLWRSHV DQ 1
WHUPLQDO9HSLWRSHDQGDKLVWLGLQHWDJEHIRUHVWRSFRGRQ)LJXUH
НH *Q5+, IXVLRQ SURWHLQ RSHQ UHDGLQJ IUDPH RQWR WKH YDFFLQH
FRQWDLQHGQXFOHLFDFLGEDVHVDQGDPLQRDFLGV
7UDQVODWLRQHٹFLHQFLHVRIWKHYDFFLQH
НH SODVPLG '1$ YDFFLQHV ZHUH HٹFLHQWO\ WUDQVODWHG WKHLU IXVLRQ
SURWHLQV LQ &26 FHOOV 5HVXOWV RI :HVWHUQ EORWWLQJ VKRZHG WKDW WKH
SUHYLRXV >@DQGQHZO\GHVLJQHGYDFFLQHFRQVWUXFWV UHOHDVHG*Q5+,
IXVLRQ SURWHLQV  NG DQG  NG UHVSHFWLYHO\ LQ FHOO FXOWXUH
VXSHUQDWDQW *Q5+, IXVLRQ SURWHLQ RI D SUHYLRXV YDFFLQH >@ ZDV
VHHQLQWUDQVIHFWHG&26FHOOVNGEXWUHPDLQHGXQGHWHFWHGLQ
WKHFHOOFXOWXUHVXSHUQDWDQW)LJXUH
)LJXUH  :HVWHUQ EORWWLQJ GHWHFWLRQ RI *Q5+, IXVLRQ SURWHLQ
REWDLQHG IURP WUDQVIHFWHG &26  FHOOV DQG ODEHOOHG ZLWK DQWL
*Q5+,OHіDQGDQWL9DQWLERGLHVULJKWНHٽUVW>@VHFRQG
>@DQGWKHQHZYDFFLQHVZHUHXVHGWRWUDQVIHFW&26FHOOV/DQH
VKRZV WKH .DOHLGRVFRSH ODGGHU ODQHV   DQG  FRQWDLQLQJ
WUDQVIHFWHG &26 FHOO O\VDWH RI WKHٽUVW VHFRQG DQG QHZ YDFFLQHV
UHVSHFWLYHO\ /DQHV   DQG  FRQWDLQLQJ WUDQVIHFWHG &26 FHOO
FXOWXUHVXSHUQDWDQWRIWKHٽUVWVHFRQGDQGQHZYDFFLQHUHSHFWLYHO\
/DQH  DQG  FRQWDLQLQJ QRQWUDQVIHFWHG &26 FHOO O\VDWH DQG
FXOWXUH VXSHUQDWDQW UHVSHFWLYHO\ QHJDWLYH FRQWURO DQG ODQH 
ODFNLQJ ERWK DQWL*Q5+, OHі DQG DQWL 9 DQWLERGLHV ULJKW LQ
WKH :HVWHUQ EORWWLQJ GHWHFWLRQ RI WKH IXVLRQ SURWHLQ НH QHZO\
HQJLQHHUHG YDFFLQH SURGXFH IXVLRQ SURWHLQ  .' GHWHFWHG
ERWK LQ FHOO O\VDWH ODQH  DQG FHOO FXOWXUH VXSHUQDWDQW ODQH 
*Q5+,IXVLRQSURWHLQ.'RIWKHٽUVWYDFFLQHODQHZDV
GHWHFWHG LQ WKHFHOO O\VDWH ODQH*Q5+, IXVLRQSURWHLQ 
.'RIWKHVHFRQGYDFFLQHZDVGHWHFWHGERWKLQFHOOO\VDWHODQH
DQG FHOO FXOWXUH VXSHUQDWDQW ODQH  *Q5+, IXVLRQ SURWHLQ ZDV
QRWGHWHFWHGLQDQ\RIWKHFRQWUROODQHDQG
(ٶHFWRQJURZWKDQGSHUIRUPDQFH
0LFH LPPXQL]HGZLWK WKHYDFFLQH LQYHFWRUVGLGQRWGHYHORSHDQ\
DJLWDWLRQ GXULQJ WKH VWXG\ SHULRGНHUH ZDV VLJQLٽFDQW UHGXFWLRQ LQ
WKHZHLJKWRIRYDULHVLQ*URXSsPJS!DQG*URXS
sPJS!PLFHLQFRQWUDVWWRsPJLQ*URXS




5HVXOWV RI LQGLUHFW (/,6$ VKRZHG DQ HDUO\ DQWL*Q5+, ,J*
DQWLERG\ UHVSRQVH LQ *URXS  PLFH  s  IROORZLQJ WKUHH
ZHHNVRILPPXQL]DWLRQНHDQWL*Q5+,DQWLERG\UHVSRQVHLQ*URXS
PLFHsZDVGHWHFWHGLQVWXG\ZHHN,QVWXG\ZHHN
WKH DQWL*Q5+, ,J* DQWLERG\ UHVSRQVHV IRU *URXS  ZDV  s
DQG*URXSZDVsFRPSDUHGZLWKsIRU
*URXS)LJXUH
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)LJXUH  5HVXOWV RI DQ LQGLUHFW (/,6$ WR GHWHFW DQWL *Q5+,
DQWLERG\ UHVSRQVH LQ FRQWURO *URXS  DQG YDFFLQDWHG *URXS 
DQG  IHPDOH PLFH 3ODVPD DQWL *Q5+, DQWLERG\ UHVSRQVH ZDV
GHWHFWHGLQ*URXSPLFHsLQVWXG\ZHHNНHDQWL
*Q5+, DQWLERG\ UHVSRQVH LQ *URXS  PLFH  s  ZDV
GHWHFWHGLQVWXG\ZHHN%\WKHHQGRIWKHVWXG\ZHHNWKHDQWL




)ROORZLQJ LPPXQL]DWLRQ WKH JURZWK DQG GHYHORSPHQW RI JURZLQJ
IROOLFOHV JUDٹDQ IROOLFOHV KHDOWK\ DQG UHJUHVVLQJ &/ SHU VHFWLRQ RI
RYDULHV )LJXUHZHUHUHGXFHG ,QVWXG\ZHHNVLJQLٽFDQW S!
WRUHGXFWLRQ LQWKHFRXQWRIJURZLQJIROOLFOHVJUDٹDQ IROOLFOHV
KHDOWK\ &/ DQG UHJUHVVLQJ &/ RI RYDULHV ZDV VHHQ LQ *URXS  DQG
*URXSPLFH7DEOHLQFRQWUDVWWRWKH*URXSFRQWUROV






WR JURZLQJ  s  DQG JUDٹDQ IROOLFOHV  s  SHU
VHFWLRQLQ*URXSFRQWURODRYDULHV
(ٶHFWRQXWHULQHDUFKLWHFWXUH
9LVLEOH FKDQJHV LQ WKH FRQFHQWUDWLRQ RI XWHULQH JODQGV LQ
HQGRPHWULXP DQG WKLQQHVV RI P\RPHWULXP ZHUH VHHQ ,Q *URXS 
PLFHWKHHQGRPHWULXPZDVHQIROGHGLQWKHOXPHQRIWKHXWHUXV)LJXUH
НHHQGRPHWULXPRI*URXSDQG*URXSPLFHZHUHQRWIROGHGLQ
WKHLU OXPHQ :KLOH H[DPLQLQJ XWHULQH VHFWLRQ DW ; REMHFWLYH WKH
HQGRPHWULXP RI *URXS  DQG *URXS  PLFH FRQWDLQLQJ  XWHULQH
JODQGVSHUVHFWLRQ)LJXUHFRPSDUHGZLWKXWHULQHJODQGVSHU
VHFWLRQVLQ*URXSFRQWURO
)LJXUH  +LVWRDUFKLWHFWXUH RI XWHULQH WLVVXHV RI WKH FRQWURO DQG
YDFFLQDWHG PLFH REWDLQHG DW WHUPLQDO VDFULٽFH DQG VWDLQHG ZLWK
*ROGQHUV WULFKURPH; ,PPXQL]DWLRQDJDLQVW*Q5+, IRXQG WR
UHGXFH FRQFHQWUDWRLRQ RI XWHULQH JODQGV \HOORZ ,Q DQ DYHUDJH
 JODQGV SHU XWHULQH VHFWLRQ LQ *URXS  E PLFH DQG 
JODQGVSHUVHFWLRQLQ*URXSFPLFHZDVVHHQНHFRQFHQWUDWLRQ
RIXWHULQHJODQGV\HOORZDUURZDSSHDUHGPXFKKLJKHULQ*URXS
D PRUH WKDQ  JODQGV SHU VHFWLRQ PLFHНH HQGRPHWULXP LQ





PLFH WZR LQ HDFK JURXS ZHUH SUHJQDQW $OO RI WKH FRQWURO PLFH




3ODVPLG '1$ YDFFLQHV DUH JHQHUDOO\ VDIH QRQWR[LF DQG KDYH WKH




QRW DOZD\V UHOHDVHG IURP WKH WUDQVODWLRQ VLWHV WR WKH LPPXQH V\VWHP
>@ 0RUHRYHU JHQHWLF LPPXQL]DWLRQ ZLWKRXW D YHFWRU V\VWHP LV
UHODWLYHO\ LQHٹFLHQW >@DVPRVWRI WKH'1$LVUDSLGO\ LQWHUQDOL]HG
DQGFOHDUHGE\PDFURSKDJHV>@5HSHDWHGDGPLQLVWUDWLRQRISODVPLG
'1$ LV WKHUHIRUH UHTXLUHG WR LQFUHDVH WKH GXUDWLRQ DQG OHYHO RI
WUDQVJHQHH[SUHVVLRQ>@1XPHURXVIDFWRUVKDYHEHHQLGHQWLٽHGWKDW
LQپXHQFH LPPXQH UHVSRQVHV WR'1$YDFFLQHV LQFOXGHG WKH FKRLFHRI
YHFWRU >@ SURPRWHU VWUHQJWK >@ DPRXQW RI '1$ GHOLYHUHG >@
'1$ IRUPXODWLRQ >@ ORFDWLRQ RI H[SUHVVHG DQWLJHQV ZKHWKHU
VHFUHWHG RU F\WRVROLF >@ DQG FRH[SUHVVLRQ RI FRVWLPXODWRU\
PROHFXOHV>@
3UHYLRXVO\ZHHQJLQHHUHGSODVPLG'1$YDFFLQHVFRGLQJIRXU>@WR




KHOSHU HSLWRSHV ZHUH LQFRUSRUDWHG LQ WKH YDFFLQH WR DFKHLYH DН
UHVSRQVH $ 9 HSLWRSH IURP WKH IHOLQH LPPXQRGHٽFLHQF\ YLUXV ZDV
LQFRUSRUDWHG LQ WKH YDFFLQH FRQVWUXFW HQDEOLQJ IXVLRQ SURWHLQ WR EH
UHOHDVHG IROORZLQJ WUDQVIHFWLRQ )LJXUH  $ KLVWLGLQH WDJ ZDV DGGHG
IURP WKH SF'1$9+LV% SODVPLG WR H[WUDFW WKH IXVLRQ SURWHLQ
IROORZLQJWUDQVIHFWLRQDQGLPPXQRQHXWUDOL]DWLRQRIQDWLYH*Q5+,LQ
PDPPDOVXVLQJIXVLRQSURWHLQ








VLJQLٽFDQW GLٶHUHQFH LQ ERG\ ZHLJKW JDLQ E\ WKH HQG RI WKLV VWXG\










*6, 3UHPRUGLDO 3ULPDU\ *URZLQJ *UDIILDQ +HDOWK\ 5HJUHVVLQJ
*URXS        
*URXS  ̅   ̅̅ ̅̅  ̅







*HQHWLF LPPXQL]DWLRQ DJDLQVW *Q5+, IRXQG WR JHQHUDWH ,J*
LPPXQHUHVSRQVHVZKLFKZHUHKLJKHU LQ*URXSDQG*URXSPLFH
НH KLJKHVW DQWL*Q5+, ,J* DQWLERG\ UHVSRQVH DV VHHQ LQ *URXS 
PLFHZDVPRVWOLNHO\GXHWRDGMXYDQWHٶHFWRI1,69>@НHHDUOLHVW
LPPXQH UHVSRQVH ZDV GHWHFWHG LQ *URXS  PLFH )LJXUH  DQG ZDV
GXH WR GHOLYHU\ RI SODVPLG '1$ YDFFLQH LQ +9-(НH +9-( YHFWRU
V\VWHP KDV EHHQ GHYHORSHG WR LQWURGXFH SODVPLG '1$ LQWR YDULRXV
RUJDQVLQYLYR>@+RZHYHUUHSHDWHGDGPLQLVWUDWLRQRISODVPLG'1$
YDFFLQH ZLWK WKH DQWLJHQLF YHFWRU V\VWHP LV QRW UHFRPPHQGHG DV WKH
DQWLERGLHV GHYHORSHG DJDLQVW YHFWRU IROORZLQJ SULPLQJ FRXOG KDYH
QHXWUDOL]HG WKH YHFWRU GXULQJ VXEVHTXHQW ERRVWLQJ >@ WKXV
SUHYHQWLQJ WUDQVIHFWLRQ RI FHOOV RU WLVVXHV ZLWK WKH '1$ YDFFLQH
FRQVWUXFWНH VXEVHTXHQW ERRVWLQJ LQ *URXS  PLFH ZDV WKHUHIRUH
FDUULHGRXWLQ3%6EXWWKHOHYHORIDQWL*Q5+,DQWLERG\UHVSRQVHLQ
VWXG\ ZHHN  ZDV EHORZ WKH UHVSRQVH DV VHHQ LQ *URXS  PLFHНH
XVH RI RWKHU YHFWRUV RU 1,69 GXULQJ WKH VXEVHTXHQW ERRVWLQJ LQ
+9-( PHGLDWHG LPPXQL]DWLRQ FRXOG SRWHQWLDWH DН UHVSRQVH DQG
UHTXLUHVIXUWKHULQYHVWLJDWLRQ
(ٶHFWRQLQYLYRIHUWLOLW\
5HVXOWV RI PDWLQJ H[SHULPHQWV UHYHDOHG KLJKHVW VXSSUHVVLRQ RI
IHUWLOLW\ LQ *URXS  PLFH IROORZHG E\ *URXS  PLFH FRPSDUHG WR
*URXS  FRQWUROV +LJKHU OHYHOV RI DQWL*Q5+, DQWLERGLHV ZDV
GHWHFWHGLQ*URXSDQG*URXSPLFHDQGWKHQXPEHURISXSVLQWKHLU
XWHUL ZHUH ORZ D UHODWLRQVKLS EHWZHHQ KLJKHU DQWL*Q5+, DQWLERG\
UHVSRQVHV DQG VXSSUHVVHG LQ YLYR IHUWLOLW\ ZHUH FRUUHODWHG /HYHO RI
IROOLFXORJHQHVLV LQ WKH RYDULHV FRXOG KDYH FRQWULEXWHG WR WKH IHUWLOLW\
OHYHORIYDFFLQDWHGPLFHDVZHOO
(ٶHFWRQRYDULDQIROOLFXORJHQHVLV
НH *Q5+, LPPXQRQHXWUDOL]DWLRQ VWXGLHV VKRZHG VXSSUHVVLRQ RI
RYDULDQ IROOLFXORJHQHVLV LQ YDFFLQDWHG PLFH НHUH ZDV VLJQLٽFDQW
UHGXFWLRQ LQ WKH FRXQW RI*UDٹDQ IROOLFOHV LQ WKH RYDULHV RI *URXS 
S! DQG *URXS  S! PLFH 7DEOH  8VLQJ +	( VWDLQLQJ
VWUXFWXUDOPRUSKRORJ\RIJURZLQJDQG*UDٹDQIROOLFOHVLQRYDULHVZHUH
VHHQ EXW WKH PRUSKRORJ\ RI SUHPRUGLDO DQG SULPDU\ IROOLFOHV ZHUH
LQGLVWLQFW+RZHYHUXVHRI*ROGQHU ?VWULFKRPHVWDLQLQJWKHSUHPRUGLDO
DQG SULPDU\ IROOLFOHV ZHUH GLVWLQFWO\ YLVLEOHНH *ROGQHUV WULFKRPH
VWDLQLQJ HQDEOHG GLٶHUHQWLDWLRQ RI KHDOWK\ DQG UHJUHVVLQJ FRUSXV
OXWHXP &/ RI RYDULHV E\ REVHUYLQJ EULFN UHG FRORU OXWHDO FHOOV RI
KHDOWK\ &/ DQG OLJKW SLQN FRORUٽEURVHG ERG\ RI UHJUHVVLQJ &/НH
UHGXFHGLQYLYRIHUWLOLW\SRWHQWLDODVVHHQLQ*URXSDQG*URXSPLFH
FRXOG EH GXH WR VXSSUHVVLRQ RI IROOLFXORJHQHVLV IROORZLQJ *Q5+,
LPPXQRQHXWUDOL]DWLRQ
(ٶHFWRQXWHULQHKLVWRDUFKLWHFWXUH
5HVXOWV RI LPPXQL]DWLRQ VKRZHG LWV HٶHFW RQ WR WKH GHQVLWLHV RI
XWHULQH JODQGV LQ HQGRPHWULXP DQG WKLQQHVV RI XWHULQH PXVFXODWXUH
)LJXUH+LJKHVWOHYHORIDQWL*Q5+,DQWLERG\UHVSRQVHZDVVHHQLQ
*URXSDQG*URXSPLFHDQGKLJKHVWUHGXFWLRQRIXWHULQHJODQGVSHU
VHFWLRQ ZHUH VHHQ LQ HQGRPHWULXP RI *URXS  DQG *URXS  PLFH
+LJKHVW VXSSUHVVLRQRI LQYLYR IHUWLOLW\ZDVDOVR VHHQ LQ*URXSDQG
*URXSPLFH$VWDWHRIHQGRPHWULDO LQDFWLYLW\DVVHHQ LQYDFFLQDWHG




НLV VWXG\ GHVLJQHG HQJLQHHUHG DQG HYDOXDWHG D SODVPLG '1$
YDFFLQH DJDQLVW *Q5+, НH YDFFLQH GHOLYHUHG LQ +9-( VKRZHG
SURPLVLQJ LQ WHUPV RI LQGXFLQJ DQ HDUO\ LPPXQH UHVSRQVH DJDLQVW
*Q5+,EXWLQVWXG\ZHHNWKHOHYHORILPPXQHUHVSRQVHDSSHDUHG
ORZ EHFDXVH WKH VXEVHTXHQW ERRVWLQJV ZHUH FDUULHG RXW LQ 3%6НH
SODVPLG '1$ YDFFLQH GHOLYHUHG LQ 1,69 LQGXFHG GHWHFWDEOH OHYHOV RI
DQWL*Q5+, DQWLERG\ UHVSRQVH LQ VWXG\ ZHHN  DQG SHUVLVWDQWO\
KLJKHU OHYHOV RI ,J* DQWLERG\ ZHUH GHWHFWHG XQWLO VWXG\ ZHHN НH
YDFFLQH GHOLYHUHG LQ +9-( DQG 1,69 LQGXFHG KLJKHU OHYHOV RI DQWL
*Q5+, DQWLERG\ UHVSRQVHV DQG VXSSUHVVHG RYDULDQ IROOLFXORJHQHVLV
DQG LPSDLUHG IHUWLOLW\ LQYLYR$ OLQNEHWZHHQ WKHKLJKHU OHYHORIDQWL
*Q5+, DQWLERG\ UHVSRQVH DQG VXSSUHVVHG IHUWLOLW\ LQ PLFH ZDV
HVWDEOLVKHG3ULPLQJRIPLFHLQ+9-(YHFWRUDQGVXEVHTHQWERRVWLQJLQ
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1,69 FRXOG EH D VXLWDEOH DSSURDFK IRU JHQHWLF LPPXQL]DWLRQ WKDW
UHTXLUHVIXUWKHULQYHVWLJDWLRQ
$FNQRZOHGJHPHQWV
НLV ZRUN ZDV VXSSRUWHG E\ WKH 0LQLVWU\ RI 6FLHQFH DQG
7HFKQRORJ\ %DQJODGHVK НDQNV DUH GXH WR 6WUDWKFO\GH ,QVWLWXWH RI
3KDUPDF\DQG%LRPHGLFDO6FLHQFHV8QLYHUVLW\RI6WUDWKFO\GH*ODVJRZ
* 25( 8. IRU SURYLGLQJ UHVHDUFK DQG WHFKQLFDO DVVLVWDQFH 3DUW RI
WKLV ZRUN ZDV FDUULHG RXW LQ FROODERUDWLRQ ZLWK WKH 'HSDUWPHQW RI





 &KR +, 1LX * %UDGOH\ 1 &HOLV (  2SWLPL]HG '1$ YDFFLQHV WR
VSHFLٽFDOO\ LQGXFH WKHUDSHXWLF &' 7 FHOO UHVSRQVHV DJDLQVW
DXWRFKWKRQRXV EUHDVW WXPRUV &DQFHU ,PPXQRO ,PPXQRWKHU 

 8OPHU -% :DKUHQ % /LX 0$  *HQHEDVHG YDFFLQHV UHFHQW
WHFKQLFDODQGFOLQLFDODGYDQFHV7UHQGV0RO0HG
 6KHGORFN '- :HLQHU '%  '1$ YDFFLQDWLRQ DQWLJHQ SUHVHQWDWLRQ
DQGWKHLQGXFWLRQRILPPXQLW\-/HXNRF%LRO
 -LQVKX ; -LQJMLQJ / 'XDQ 3 =KHQJ = 'LQJ 0 HW DO  НH
LPPXQRJHQLFLW\ RI UHFRPELQDQW DQG GLPHULF JRQDGRWURSKLQUHOHDVLQJ
KRUPRQH YDFFLQHV LQFRUSRUDWLQJ D 7KHOSHU HSLWRSH DQG *Q5+ RU
UHSHDWHG*Q5+XQLWV-,PPXQRO0HWKRGV
 *XSWD-&5DLQD.7DOZDU*39HUPD5.KDQQD1(QJLQHHULQJ
FORQLQJ DQG H[SUHVVLRQ RI JHQHV HQFRGLQJ WKH PXOWLPHULF OXWHLQL]LQJ
KRUPRQHUHOHDVLQJKRUPRQHOLQNHGWR7FHOOGHWHUPLQDQWVLQ(VFKHULFKLD
FROL3URWHLQ([SU3XULI
 .KDQ 0$+ 2JLWD + )HUUR 9$ .XPDVDZD . 7VXWVXL 7 HW DO 
,PPXQLVDWLRQ ZLWK D SODVPLG '1$ YDFFLQH HQFRGLQJ JRQDGRWURSKLQ
UHOHDVLQJKRUPRQH*Q5+,DQG7KHOSHUHSLWRSHVLQVDOLQHLQGXFHVDQ
DQWL*Q5+, DQWLERG\ UHVSRQVH DQG VXSSUHVVHV URGHQW IHUWLOLW\ 9DFFLQH

 6WDQLVODXV ' 3LQWHU -+ -DQRYLFN -$ &RQQ 30 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